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In this article, we present three dimensional CFD study of turbulent vortex ﬂow in an annu-
lar passage using OpenFOAM 1.6. The vortex ﬂow is generated by introducing the ﬂow
through a tangential entry to the passage. For the analysis presented in this article, turbu-
lence was modeled using the Re/k  e model, in addition, a comparison between such
model with the standard k  e model was conducted and discussed. The main characteris-
tics of the ﬂow such as vortex structure and recirculation zone were investigated. It was
found that ﬂow is subjected to Rankine vortex structure with three forced vortex regimes
and a free vortex region near to the outer wall. The phenomenon of vortex decay was inves-
tigated by depicting the swirl number trend along the axial direction of the ﬂow domain. It
was found that the vortex decay is subjected to an exponential decay behavior. New coef-
ﬁcients for the exponential decay correlation were derived based on local values of velocity
components in different radial planes.
 2011 Elsevier Inc. All rights reserved.1. Problem description
Vortex ﬂow in annular passages can be found in several industrial equipments such as gas turbines [1–3], gas–solid
cyclone separators [4–6] and heat exchangers [7,8]. Comprehending the major mean ﬂow phenomena, such as recirculation
zones and vortex decay, is crucial for the design and operation of such equipments. A major theoretical limitation, in the
problem of turbulent vortex ﬂow, is the insufﬁcient information about the interaction between the different vortex regimes
and largely varying turbulence scales [9–13]. Although there is a traditional consensus which dictates that forced vortex
regime stabilizes (i.e. suppresses) turbulence and free vortex regime destabilizes (i.e. promotes) turbulence [14,15], more
detailed phenomena such as the interaction between recirculation zone and turbulence, vortex core stretching, the com-
mencement of the recirculation zone and the vortex core precession are not fully understood.
When the vortex ﬂow is imparted into an annular passage, an increased level of complexity becomes evident. A new layer
of near-wall shear ﬂow is added, in such case, compared to the vortex ﬂow in a cylindrical passage. Therefore, the behavior of
the recirculation zone, vortex breakdown bubble and the vortex core become fundamentally distinct from such of the cylin-
drical vortex ﬂow. This distinction is also applied to the structure, velocity pattern and decay rate of vortex and turbulence
intensity. Therefore, annular vortex ﬂow can be deemed to be a different ﬂow phenomenon than cylindrical vortex ﬂow. In. All rights reserved.
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presented.
In fact, there have been few experimental attempts of describing the different regimes of annular vortex ﬂows over the
last four decades [16–20]. Vanierschot and Bulck [21] examined the effect of swirl on the cold ﬂow ﬁeld of an annular jet
with a stepped-conical expansion using Laser Doppler Anemometry (LDA). They were able to identify four different annular
jet regimes as a function of the swirl number. The same methodology was used by Sheen et al. [22] to observe the ﬂow pat-
tern and vortex breakdown phenomenon in unconﬁned annular swirling ﬂow. These experimental efforts have added sub-
stantial knowledge to the state of the art understanding of annular vortex ﬂow. However, they did not successfully provide a
universal theory for the major ﬂow phenomena that occurs at different Reynolds numbers and swirl intensities.
The computational efforts to study annular vortex ﬂow are rather few as well. Xicheng and Zhengming [23] have used an
algebraic turbulence model to study the three dimensional viscous ﬂow in an annular cascade with tip clearance. The objec-
tive of their study was to determine the locations and structure of the leakage at the tip clearances. Garcia-Villalba and Frih-
lich [24] have studied unconﬁned annular swirling ﬂow at different swirl numbers using large eddy simulation (LES). They
were able to provide an analysis of the impact of swirl on the mean ﬂow and the precessing vortex structures. Similar tech-
nique, assisted with PIV measurements, was used by Loureiro et al. [25] to investigate the characteristics of the ﬂow ﬁeld
inside an annular space formed by two concentric cylinders with rotation of the inner cylinder. Such case is fundamentally
different from the case presented in this paper since the vortex motion is imparted along the full length of the annulus,
rather than through a single ﬁnite port such as the case in hand. There have been an interesting set of studies on the indus-
trial application of vortex ﬂow in cylindrical passages in gas–liquid separators by Ahmed et al. in the past few years. They
have proposed a modiﬁed Eulerian–Lagrangian approach that is able to enhance the numerical prediction of separation pro-
cess in [26]. From their results, it is evident that the new approach captures the effect of the vortex ﬁeld on the separation
efﬁciency more accurately than previous formulations. In some other recent studies from their group, the numerical mod-
eling of high gas content gas–liquid vortex separators has been evaluated [27,28].
There are three major objectives for the present article. The ﬁrst is to extend the validity of the Re/k  e turbulence model
in analyzing annular vortex ﬂows. The second objective is to compare the performance of such model with the standard k  e
model. The third objective is to shed the light on the vortex and turbulence decay phenomena that takes place in annular
vortex ﬂows with large length to diameter aspect ratios, which has not been fully covered in literature, as it was shown ear-
lier in this section. The turbulence model implementation in OpenFOAM is described, and then the computational model
results are validated through several comparisons with the PIV local velocity measurements available from Ref. [29]. A com-
parison between the result of the Re/k  emodel and such of the standard k  emodel is conducted to demonstrate the prev-
alence of the Re/k  e model in the present ﬂow conﬁguration. Afterwards, the simulation results of a case with Re value of
5.4  104 are presented and discussed. In the present ﬂow conﬁguration, the inlet swirling strength depends on the inlet Rey-
nolds number since the ﬂow is introduced to the passage with tangential velocity component only. The parameters of major
concern herein are the vortex structure, swirl intensity, turbulence intensity and dissipation rate of turbulence kinetic en-
ergy. These parameters are discussed with respect to their spatial distributions along the axial and radial dimensions of
the annular passage.2. Physical and mathematical formulation
The case considered in this article is similar to the PIV measurement setup reported in [29]. The case selection was based
on the availability of reliable experimental data for the purpose of validation and the adequacy of the case to represent the
physics of annular decaying vortex ﬂow. The ﬂow domain is illustrated in Fig. 1. Flow is introduced to the annular cylindrical
passage through a tangential inlet pipe with a diameter di. The inlet ﬂow direction is reverse to the positive direction of the
gravity vector~g. The diameter of the inlet pipe di is equal to the annular gap width, which is equal to half the difference be-
tween the annular passage’s outer and inner diameters. The ratio between the passage length and outer diameter LDo
 
equals
to 30. The detailed dimensions and ﬂow conﬁgurations are explained in [29]. According to [29], the measurement planes are
vertical with respect to the direction of the gravity vector, and denoted by (M) and (N) as in Fig. 1. The outlet ﬂow direction is
coaxial with the annular passage.
The ﬂow conﬁguration in Fig. 1 can be represented by the Reynolds averaged Navier Stokes equations for turbulent
incompressible ﬂow, in Cartesian coordinates as following:Continuity equation :
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; ð2Þwhere tij is the viscous stress tensor deﬁned astij ¼ 2lsij; ð3Þ
where sij is the strain-rate tensor, and l is the viscosity.
(a) 
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Fig. 1. (a) Schematic of the ﬂow domain and three dimensional orientation, (b) a 3D screenshot of the discretized computational domain as shown on
ParaView 3.6.















; ð4Þwhere Ui is the mean velocity, sij is the Reynolds stress tensor, xi is the position vector, lT is the eddy viscosity, rk is a closure
coefﬁcient that has a unity value, and e is the dissipation rate.quj
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1þ bg3 ; ð5Þwhere g ¼ Sk=e; ð6Þand S ¼ ð2SijSijÞ1=2: ð7Þ
Sij is the mean rate of strain tensor, g0  4.38 and b = 0.012. The turbulence viscosity is expressed aslT ¼ qCl
k2
e
: ð8ÞThe model constants Ce1, Ce2, Cl and re values are 1.44, 1.92, 0.09 and 1.3, respectively, as reported in [32,33].
Table 1
List of numerical schemes and under-relaxation factors employed in SimpleFoam solver for the present study.
Terms Discretization scheme Interpolation scheme
Gradient (r) Second order Gaussian integration Second order – central differencing
Divergence (r) TVD limited linear differencing
Laplacian (r2) Second order – central differencing
Under-relaxation factors
p U k e
0.3 0.7 0.7 0.7
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The numerical simulations reported in the present work have been conducted using OpenFOAM 1.6.x code. OpenFOAM
has attracted much attention recently because it is a sustainable open source code designed for a wide range of CFD
applications. It is a C++ toolbox based on object oriented programming [34]. OpenFOAM is released under the GPL
[35,36] and it consists of enormous groups of libraries for different mathematical, numerical and physical models. Linking
the mathematical/numerical tools with the physical models in a main C++ function produces different solvers and utilities.
The Re/k  e turbulence model has been coded and compiled in the OpenFOAM code. The simulations reported herein were
conducted using the SimpleFoam solver of OpenFOAM. This solver is a steady-state solver for incompressible turbulent
ﬂow. OpenFOAM allows the users to freely choose among a wide range of for numerical discretization and interpolation
schemes. The numerical schemes used in the SimpleFoam solver in the present study are listed in Table 1.
3.1. Solver parameters
3.1.1. The SimpleFoam solver
SimpleFoam is a pressure-based solver which solves the momentum equation with under relaxation factors and then iter-
atively applies a pressure corrector equation based on the conservation of mass to evaluate the velocity and pressure ﬁelds.
The turbulence model equations are solved after the velocity and pressure ﬁelds are computed for each step, and an iterative
update is performed on the latter ﬁelds before a consecutive step is performed. In the present work, the under-relaxation
factors were had values as listed in Table 1.
3.1.2. Convergence criteria
The convergence criteria for all cases were set to residuals value of 105 for the pressure ﬁeld and 106 for other ﬂow ﬁeld
variables. Residuals are measures of the error in the solution so that the smaller they are, the more accurate the solution.
More precisely, the residual is evaluated by substituting the current solution into the equation and taking the magnitude
of the difference between the left and right hand sides; it is also normalized in to make it independent of the scale of problem
being analyzed [37].
3.1.3. Mesh non-orthogonality
Another important solver parameter is the non-orthogonality correction. Non-orthogonality represents a measure of mesh
quality and it is deﬁned as the angle between the vector which joins two cell centroids and the normal vector for common face
in-between such cells. The importance to have non-orthogonality minimized arises when one considers that in the ﬁnite vol-
ume method volume integrals of spatial derivatives are converted to surface integrals and then such surface integrals are
approximated over cell faces, with the latter approximation involves interpolation from cell centers to faces. In OpenFOAM,
a correction scheme is available to take into account the effect of local mesh non-orthogonality on the interpolation required
to evaluate cell face gradients.We have conducted several exercises on the grids used in the present article and found out that
such grids required two iterations of such correction scheme to eliminate the effect of local mesh non-orthogonality.
3.1.4. The SIMPLE algorithm
The Semi-Implicit Method of Pressure Linked Equations (SIMPLE) [38] is the algorithm by which the governing equations
are solved in SimpleFoam solver. This algorithm solves the momentummatrix and then applies a pressure correction to con-
serve the incompressibility constraint implied by the continuity equation. This process is iterative. Within the main iteration
conducted by the SIMPLE algorithm there is a momentum corrector step conducted to ensure that the velocity ﬁeld is up-
dated according to the new pressure values. In the present work, such momentum corrector step was conducted twice for
each iteration in all cases. This was necessary to reach the convergence criterion for the pressure ﬁeld.
3.2. Grid independency and near-wall treatment
The computational grids were created using the commercial discretization software Gambit 2.3, and then converted to
OpenFOAM grid using the ﬂuentMeshToFoam grid conversion tool. Two grids were tested to ensure that the results
Fig. 2. Comparison of the normalized axial (Z) velocity proﬁle obtained by two different grids.
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second grid has 3.45  106 cells. The normalized axial (Z) velocity proﬁles obtained by the two grids are compared in Fig. 2.
There is no qualitative difference between the two solutions of the two grids. Only a minimum quantitative difference can be
observed from Fig. 2. The maximum value of this quantitative difference is equal to 3% of the normalized axial velocity, as
demonstrated in Fig. 2. Thus, it can be concluded that the solver and numerical schemes implementation yield results that
are independent from the grid.
The turbulence models used in the present work are all high-Re models. Hence, a wall function was necessary to model
the ﬂow near to the wall. The y+ values for the problems solved herein had an average of 15.307 and minimum and maxi-
mum values of 1.831 and 69.431, respectively. Along the inner wall of the annular passage, the y+ value did not exceed 25.68
in all cases. The nutWallFunction was used in the SimpleFoam solver. Such wall function applies the logarithmic law-of-the
wall for mean velocity ﬁelds when y+ > 11.0 in SimpleFoam, as in Eq. (9). The OpenFOAM user manual [37] and turbulence
modeling texts may be consulted for the details of the logarithmic law-of-the wall.Uþ ¼ 1
ko
lnðyþÞ þ N; ð9Þwhere U+ is the local velocity normalized by the frictional velocity at the nearest wall, ko is the Von Karman’s constant (0.4)
and N is a numerical constant equals to 5.14.4. Results and discussion
4.1. Experimental validation and turbulence models comparison
4.1.1. Boundary conditions
The Re/k  e turbulence model has been recently validated in [30,31,39] for different conﬁgurations of ﬂows that are dom-
inated by forced vortex ﬁelds. Further validation of the model is presented in this section. The case study was adopted to
validate the model and code for the ﬂow conﬁguration presented in [29], which has the same ﬂow conﬁguration as in
Fig. 1. The Reynolds number of the ﬂow was 5400, for the validation case, based on the following expression [29]:Re ¼ 2eU
m
; ð10Þwhere e is the annular gap width, U is the average axial velocity calculated based on a water volumetric ﬂow rate of 2.14 m3/
h and m is the kinematic viscosity. The Reynolds number value reported in [29], which was used for validation in the present
article (Section 4.1.2), produced a vortex ﬁeld that can be generally described as weak. Industrial applications utilizing vortex
ﬂow usually involve strong vortex ﬁelds that has high Reynolds number. Therefore in the results presented in Sections 4.3
and 4.4 the value of Re was increased one order of magnitude to become 54000.
4.1.2. Comparison of turbulence models
Turbulence modeling in swirling ﬂow exhibiting vortex breakdown and recirculation resembles a signiﬁcant challenge for
industrial CFD approaches. Filtering approaches such as LES and DES are capable of capturing most of the details of such ﬂow,
however they require substantial computational resources which make them unsuitable for industrial applications [40]. Two
equations turbulence models as well as the Reynolds stress model are the most commonly used turbulence models in
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ﬂows under vortex breakdown and recirculation [41–47] mainly using variants of the of the k  emodel. However, in regions
where forced vortex ﬁelds are strong and dominant, different variants of the k  emodel produce ill predictions of the vortex
ﬁeld. This has been addressed along the past three decades by introducing source term corrections in the e equation [48] to
take into account the effect of streamline curvature due to ﬂow rotation. The Re/k  e turbulence model introduces a source
term in the e equation as well, but to express the local anisotropy assumption which is crucial for modeling strongly sheared
ﬂows as postulated in [49,50]. The evaluation of this term and its integration in the e equation is given in Section 2. The mod-
el has been successfully used to model unconﬁned swirling ﬂow in Sydney burner [51] and shear driven vortex ﬂow [31] and
tornado-like vortex ﬂow [52].
Figs. 3 and 4 show a comparison between the vortex ﬂow ﬁeld as predicted by the standard k  e model and Re/k  e
against experimental measurements. The axial velocity predictions of the two models are close, and both models over-pre-
dict the axial velocity near to the outer wall. This can be attributed to the complexity of the ﬂow near to the wall, and also to
the unsteadiness of the vortex breakdown region where the measurements plotted in Figs. 3 and 4 were conducted. Such
region exhibits a sharp drop in the vortex strength, as it is shown later in this article. The standard k  e model, however,
fails to predict the vortex motion compared to the Re/k  e model as shown in Fig. 4. The additional term in the e equation
of the Re/k  emodel damps the dissipation rate predictions by the standard model, in order to take into account the effect of
elevated strain rates produced by anisotropic turbulence inherited by swirling ﬂows. This produces enhanced predictions of
the forced vortex ﬁeld, which complies with the theory of postulates that forced vortex regime produces a stabilizing effect
on the turbulence ﬁeld [53,54].4.2. Vortex structure
The following results are based on Re = 54000. The vortex structure can be characterized by the spatial distribution of the
tangential velocity. In the present ﬂow, the vortex structure exhibits signiﬁcant asymmetric behavior with respect to theFig. 3. Predicted and measured axial velocity proﬁles at an axial distance of (a) 250 mm and (b) 550 mm from the inlet plane. Re = 5400.
Fig. 4. Predicted and measured tangential velocity proﬁles at an axial distance of (a) 260 mm and (b) 550 mm from the inlet plane. Re = 5400.
4658 K.M. Saqr et al. / Applied Mathematical Modelling 36 (2012) 4652–4664radial and axial distributions of tangential velocity component. Such asymmetric behavior is shown by depicting the con-
tours of tangential velocity at different axial locations from the tangential inlet of the annular passage, as shown in Fig. 5.
The contour plots of Fig. 5 clearly show the asymmetry of the vortex structure.
Another signiﬁcant parameter for characterizing the vortex structure is the radial derivative of tangential velocity duhdr
 
.
Such parameter is important in identifying the regions dominated by forced or free vortex structures. Fig. 6 shows proﬁles ofFig. 5. Contours of tangential velocity at different axial locations, units in m/s.
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dr
 
on a radial line parallel to the X axis at different axial locations. Since the solver uses the Cartesian coordinate system,
the following relation was used to calculate the tangential velocity component in Cartesian coordinate system:Fig. 6.
(g) 15Duh ¼
uy  ux yx
 	
xþ y2x
: ð11ÞThe vortex structures can be classiﬁed, with respect to the radial derivatives of the tangential velocity as it appear in
Fig. 6, to several regions. All the regions where such parameter has a positive value exhibit forced vortex, while the negativeProﬁles of the radial derivative of tangential velocity component at axial locations corresponding to (a) 1Do, (b) 3Do, (c) 5Do, (d) 7Do, (e) 9Do, (f) 12Do,
o, (h) 18Do.
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there is only one region of free vortex near to the outer wall. Therefore, the ﬂow in the annular passage has a Rankine vortex
structure. It can be observed that the ﬂow exhibits multiple forced vortex structures near to the tangential inlet, until an
axial distance equivalent to 12Do. This is shown in regions I, II and III illustrated in Fig. 6(a–f). Each of these forced vortex
structures has a different radial gradient for the tangential velocity. At further axial locations, the third forced vortex region;
III, disappears and only two forced vortex regions remains. At all axial locations, only one region of free vortex exist, which is
denoted by IV in Fig. 6. This free vortex region decelerates the ﬂow near to the outer cylinder of the annular passage.
4.3. Central recirculation zone (CRZ)
A central recirculation zone was found to exist in the vicinity of the inner wall of the annular passage. A coaxial planer
velocity vector plot, surface and planer contour plots are shown in Fig. 7. From such ﬁgure, it can be seen that the CRZ isFig. 7. (a) Surface plot of the stagnation axial velocity. The inset Fig. shows a front view of the annular passage. (b) planar plot of the velocity vector ﬁeld on
a symmetric YZ plane (c) monochrome contour plot of the recirculation zone on a symmetric YZ plane.
K.M. Saqr et al. / Applied Mathematical Modelling 36 (2012) 4652–4664 4661highly asymmetric, and it can also be noticed that it is concentrated in the lower region of the passage, as shown in the inset
ﬁgure. Similar asymmetric behavior of the CRZ was reported in [26]. The maximum length of the CRZ is 0.31 m. The total
length of the measured CRZ in [26] was 0.365 m, thus the simulation underpredicts the CRZ length by 15%.4.4. Decay of swirl intensity
Swirl number is an efﬁcient parameter to estimate the swirl intensity and its decay rate [55–57]. There is no universal
mathematical deﬁnition for the swirl number; however, it can be physically deﬁned as the ratio of the axial ﬂux of the angu-









: ð12ÞThe latter deﬁnition of the swirl number matches the deﬁnition proposed in [29]. The decay of swirl number in conﬁned
swirling ﬂows can be qualitatively correlated by empirical correlations that usually take the form of exponential functions
of the axial location along the pipe [60–62]. As shown in Eq. (12), the swirl number can be only calculated at a speciﬁc radial
plane, by integrating over all the circumferential locations. Near to the inlet of the passage, where the ﬂow is majorly sub-
jected to tangential momentum, the swirl number should exhibit large values, compared to the values downstream the pas-
sage. Pruvost et al. [29] provided the following general form for the empirical correlation to express the swirling decay in an
annular passage:dðSnÞ ¼ aexp bz2ðRo  RiÞ
 
; ð13Þwhere d(Sn) is the local value of swirl number at a speciﬁc axial location (z). This correlation, of course, is dependent on the
Reynolds number and the geometry of the annular passage. The constants (a) and (b) were calculated to be 1.98 and 0.033,
respectively, for a Re value of 5400 and a geometry similar to the one considered herein [29]. However, in the latter work, the
swirl number was obtained at every axial location using only two angular locations. This means that a quasi-axisymmetric
distribution for the tangential velocity component was assumed, when calculating the swirl number from the PIV data. Such
assumption resulted in large deviations between the values of the measured and the predicted swirl decay, as reported in
[29]. In another related research, Aouabed et al. [63] reported two values for the constant (b) for two different Reynolds num-
ber, while they found that the constant (a) should be corresponding to the inlet swirl number, thus, depends only on the
geometry. They concluded that the constant (b) decreases with the increase of Re. The parameter (a) is very sensitive to
the initial swirl intensity. Therefore, in the case of tangential ﬂow entry, such as the one in hand, it becomes extremely dif-
ﬁcult to separate the effects of Re and initial swirl intensity on the parameters (a) and (b).
The swirl number was computed at different axial locations along the annular passage and plotted in Fig. 8 at Re = 5400.
This was done by performing the integrations of Eq. (12) on different surfaces in the XY plane (i.e. radial plane) which was
not possible to be performed based on the experimental measurements. Therefore, in such computations, there is no
assumption of axisymmetric distribution of the tangential velocity. In other words, the predicted swirl number using Eq.
(12) was based on the local value of axial and tangential velocity component at every grid cell, on each speciﬁc radial plane.
Statistical regression was used to obtain the constants (a) and (b) from such data, and were found to be 2.11 and 0.059,Axial Location (m)
















Fig. 8. The decay of swirl intensity as predicted by Eq. (13) and computed from the CFD results with a = 2.11 and b = 0.059.
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Swirl Number Calculated at Plane M
Swirl Number Calculated at Plane N
Equation (12)
Fig. 9. The decay of swirl intensity as predicted by Eq. (11) and computed from the PIV results with a = 1.98 and b = 0.033.
4662 K.M. Saqr et al. / Applied Mathematical Modelling 36 (2012) 4652–4664respectively. The swirling decay predicted using Eq. (13) and the latter constant values is also plotted in Fig. 8 in comparison
with the computed values from the CFD results.
Fig. 9 shows a comparison between the measured and predicted swirl numbers based on the work of Pruvost et al. [29].
The values of (a) and (b) used in Eq. (13) for the predictions in Fig. 9 are 1.98 and 0.033, respectively, as obtained in their
work. The difference between the predicted and measured values is quite large at approximately all the axial locations, as
mentioned above. This large difference is due to the fact that only two angular planes were used for the swirl number cal-
culations, on the contrary from the present work, where the swirl number was locally calculated based on the local value of
velocity component at each grid cell.5. Concluding remarks
The Re/k  e turbulence model has been successfully coded in a dynamic library in the open source CFD code OpenFOAM
1.6. A comparison between such model and the standard k  e model showed its prevalence in predicting forced vortex
ﬂows. Two simulations of decaying vortex ﬂow in an annular passage were successfully conducted using Re/k  e turbulence
model. The ﬁrst simulation (Re = 5.4  103) was used to validate the turbulence model through comparison with previously
reported PIV measurements and to derive new coefﬁcients for the swirling decay correlation. The second simulation which
was conducted at Re = 5.4  104, was used to shed some light on the physics of the vortex ﬂow ﬁeld and swirling intensity
decay in the annular passage. The following notes were concluded from analyzing the results:
1. The vortex ﬂow ﬁeld within the annular passage was found to be strongly asymmetric with respect to the radial distri-
bution of tangential velocity component.
2. The vortex ﬂow ﬁeld within the annular passage contains more than one forced vortex region. The present case was found
to have a maximum of three forced vortex regions, and a single free vortex region near to the outer wall.
3. A central recirculation zone was formed in the vicinity of the inner wall of the annular passage. The maximum length of
the CRZ was found to be 0.31 m which deviates from the experimentally measured CRZ length by 15%.
4. The decay of swirling intensity was correlated using an exponential decay equation, and new values for the coefﬁcients of
such equation were obtained.References
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